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The direct developing frog Eleutherodactylus coqui exhibits radical changes in its embryogenesis. A frog-like head forms
directly with no appearance of a cement gland or several jaw cartilages characteristic of tadpoles, and limbs appear early
in development. The numerous differences in the embryogenesis of E. coqui provide an opportunity to examine develop-
mental causes for the evolutionary shift from biphasic to direct development. We have cloned DNA fragments corresponding
to four E. coqui genes related to the Drosophila distal-less gene Dll. While the expression patterns of the distal-less genes
are generally conserved, there are some spatiotemporal differences when embryos of E. coqui are compared to those of
Xenopus laevis. The changes in gene expression are correlated with the embryonic changes in head structures including
craniofacial cartilages and in particular, the cement gland. We have then examined inductive interactions involved in
cement gland formation by interspeci®c transplants and recombinants. E. coqui embryos can generate signaling that
culminates in cement gland formation, but E. coqui ectoderm appears to be incapable of a cement gland response. These
results show here that inductive interactions in the anterior region of the E. coqui embryo have been modi®ed during the
evolution of direct development, and that changes in the competence of the E. coqui ectoderm may be responsible for the
loss of certain tadpole-speci®c structures, such as cement gland. q 1996 Academic Press, Inc.
INTRODUCTION and Meckel's, are very different between Eleutherodactylus
coqui and frogs with tadpoles, and they are derived from
the mandibular (®rst) stream of the neural crest (Lynn, 1942;Most anuran amphibians have a biphasic life history,
Hanken et al., 1992). This raises the question as to whethermeaning that embryos develop to free-living tadpoles ®rst
the pattern of gene expression has been altered in the cranialand then to adult frogs by metamorphosis. Such a biphasic
neural crest of E. coqui. Particularly interesting genes arelife history is considered primitive in anurans (Duellman
members of the homeobox containing distal-less family,and Trueb, 1986; Wake, 1989). An alternative mode of repro-
which are expressed in cranial neural crest in several verte-duction is direct development, derived from the biphasic
brates including mice (Price et al., 1991; Porteus et al., 1991;mode. Direct development has arisen independently more
Robinson et al., 1991; Bulfone et al., 1993; Weiss et al.,than 10 times during evolution of anurans (Duellman and
1994), rat (Shirasawa et al., 1994), human (Simeone et al.,Trueb, 1986; Wake, 1989), and frogs in the genus Eleuthero-
1994), zebra®sh (Ekker et al., 1992; Akimenko et al., 1994),dactylus represent the most extreme cases (Fig. 1). Almost
Xenopus laevis (Papalopulu and Kintner, 1993; Dirksen etall tadpole-speci®c structures, such as cement gland, kerati-
al., 1993), and salamander (Beauchemin and Savard, 1992).nous mouthparts, and lateral line system are eliminated in
Recently, a targeted gene knockout of Dlx2 in mouse causedEleutherodactylids. Jaw cartilages form initially in a frog-
severe defects in the morphology of craniofacial bones de-like or at least a midmetamorphic con®guration, and limbs
rived from the ®rst (maxillary±mandibular) and second (hy-appear early in embryogenesis (Lynn, 1942; Townsend and
oid) arch (Qiu et al., 1995). Qiu et al. raised the possibilityStewart, 1985; Elinson, 1990, 1994; Hanken et al., 1992).
that Dlx2 related genes are involved in the modelling ofSeveral jaw cartilages, including infrarostral, suprarostral,
distinctive craniofacial structures, characteristic of differ-
ent vertebrate classes.
Most interestingly, several distal-less genes in X. laevis1 To whom correspondence should be addressed. Fax: (416) 978-
8532; Email: elinson@zoo.utoronto.ca are expressed in the cement gland, in addition to expression
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FIG. 1. Embryos of E. coqui compared to those of X. laevis. Comparably staged embryos of E. coqui and X. laevis are drawn to scale to
illustrate their size differences (left scale bar, 1 mm). An E. coqui embryo at the neural fold stage (S14) is compared to a slightly later
neurula of X. laevis (NF 15). A TS 4 E. coqui embryo has not yet formed gill rudiments or eye pigment, similar to a NF 28 X. laevis
embryo. The advanced E. coqui embryo (TS 12) on the right is drawn to a smaller scale (right scale bar, 2 mm).
ing hormone (LHRH, L4513, Sigma), and eggs were fertilized inin the forebrain and cranial neural crest as in other verte-
vitro using standard methods. Embryos were staged according tobrates (Papalopulu and Kintner, 1993; Dirksen et al., 1993).
Shumway (1940).Cement gland is a transient glue-secreting organ, which arises
E. coqui adults were collected in Puerto Rico. Embryos wereanterior to the neural plate in embryos of frogs with tadpoles.
obtained from spontaneous matings among frogs of a laboratoryCement gland formation can be in¯uenced by both stimula-
breeding colony (Elinson et al., 1990, 1994) and staged according
tory and inhibitory inductive interactions (for review see Sive to Townsend and Stewart (1985). Embryos at stages earlier than
and Bradley, 1996), so it is reasonable to speculate that alter- Townsend±Stewart stage 3 (TS3) were staged according to the
ations of inductive interactions may be responsible for the Shumway (1940) table for R. pipiens. A comparison between em-
lack of cement gland in the Eleutherodactylus embryo. The bryos of E. coqui and X. laevis is shown in Fig. 1.
expression domains of X. laevis distal-less genes in cranial
neural crest and the cement gland make them interesting Cloning by PCR
candidates for genes which may be involved in the evolution-
ary shift of developmental programs to direct development, Total RNA was extracted from TS4/6 E. coqui embryos using
since these expression loci are where prominent changes take method of Chomczynski and Sacchi (1987). Yolk mass was removed
place in the development of E. coqui. from embryos before RNA isolation. Double-stranded cDNAs were
synthesized from the RNA samples using random hexamers andWe have examined features of head development in E.
MMLV reverse transcriptase (BRL) and were used as templates forcoqui. First, we compared the expression of distal-less genes
PCR. Degenerate primers were used to amplify sequences relatedin E. coqui and X. laevis in order to ®nd differences related
to the Drosophila distal-less gene Dll: upstream primer 1: 5*-AG(-to the developmental evolutionary changes between these
GA)AA(AG)CC(ATCG)(AC)G(ATCG)AC(ATCG)AT(ACT)TA-3*;animals. Second, we performed interspeci®c transplan-
upstream primer 2: 5*-(AC)AGGA(ATCG)TC(GC)CC(ATCG)-
tations and recombinations to examine the response of E. AC(TC)CT(GC)CC-3*; and downstream primer 3: 5*-TT(CT)TG(A-
coqui ectoderm and the ability of E. coqui tissues to induce G)AACCA(ATG)AT(CT)TT(ATGC)AC(CT)T-3*. The primers cor-
cement glands. respond to a.a 35 ±41, 147±153, and 189±196 of the derived X-dll3
amino acid sequence (Papalopulu and Kintner, 1993), respectively.
PCR ampli®cations were carried out using 1 min denaturation at
947C, 3 min annealing at 377C, and 1 min extension at 727C for 35MATERIALS AND METHODS
cycles. The ®nal extension was carried out for 5 min. PCR products
were subcloned into pBluescript SK (/) (Stratagene, La Jolla, CA)Animals
and sequenced with a Sequenase Kit (United States Biochemical
Corporation).
X. laevis embryos were obtained from adult frogs by hormone-
induced egg laying and in vitro fertilization using standard methods
and staged according to Nieuwkoop and Faber (1994). Rana pipiens Whole-Mount in Situ Hybridization
adults were purchased from dealers in Quebec and Vermont in the
fall and kept under hibernating conditions (47C, dark) until use. Embryos were ®xed and processed as described in the in situ
hybridization protocol of Harland (1991). The yolk mass was re-Females were induced to ovulate with luteinizing hormone releas-
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pipiens. Prior to operations involving embryos of E. coqui and R.
pipiens, most of the jelly was removed manually with watchmak-
er's forceps. The inner jelly was removed and the fertilization mem-
brane was weakened with 2% cysteine, 0.2% papain, 0.2% a-chy-
motrypsin, pH 8.0 (Hennen, 1973). Embryos were washed ®ve times
in 20% Steinberg's solution and placed in 1% bovine serum albu-
min (BSA) in 100% Steinberg's with antibiotics (60 mg/ml penicil-
lin, 100 mg/ml streptomycin, 50 mg/ml gentamicin) for transplanta-
tion. For X. laevis embryos, jelly was dissolved from fertilized eggs
with 2.5% cysteine, pH 7.8, and the eggs were UV-irradiated on
their vegetal halves to eliminate later dorsoanterior development.
The fertilization membrane was removed with forceps right before
the embryos were used.
X. laevis animal caps to E. coqui gastrulae. Animal caps (pre-
sumptive ectoderm) were dissected with forceps and eyebrow scal-
pels from UV-irradiated stage 9 embryos of X. laevis. In most experi-
ments, the whole cap was used, but in a couple of cases, only the
surface (outer) ectoderm was taken. A piece of blastocoel roof on
the dorsal side was cut out from a stage 10, or sometimes stage 11,
E. coqui embryo. The X. laevis animal cap was placed in the hole
with the surface facing outwards and allowed to heal in place for
several hours. Transplanted embryos were transferred to 1% BSA
in 20% Steinberg's with antibiotics for culturing.
E. coqui blastocoel roof to R. pipiens gastrulae. The blastocoel
roof (animal cap) from a stage 9±11 E. coqui embryo was removed
and cut into pieces with eyebrow scalpels. One roof provided tissue
for six or more transplants. In most cases, the innermost cells of
the roof were scraped away, leaving an outer layer for transplanta-
tion. A piece of blastocoel roof, just dorsal to the animal pole, was
cut out from a stage 9±10 R. pipiens embryo. In most cases, just
the outer surface cells were removed, leaving the inner ectoderm
intact. The piece of roof from E. coqui was placed in the hole in
the R. pipiens embryos, and the embryos were cultured as above.
Tissue Recombinants
Inducing tissues. Anterior neural ectoderm from both X. laevis
and E. coqui was used as inducing tissue. Tissues were prepared as
described by Drysdale and Elinson (1993) with minor modi®ca-
tions. Brie¯y, the dorsal side of a stage 13/14 X. laevis embryo,
or an E. coqui embryo at equivalent stage, was isolated in 20%
FIG. 2. Alignment of distal-less nucleotide sequences of EcDlx2
Steinberg's solution containing 0.3±0.4 mg/ml collagenase. A sheet
vs X-dll4 (A) and EcDlx4 vs X-dll3 (B). Underlined primers 1 and
of neural ectoderm cells was carefully separated from endoderm
3 were used for PCR ampli®cation of EcDlx2 and EcDlx4 DNA
and mesoderm and the anterior neural ectoderm was used for re-
fragments. The homeodomains are shaded. Dashes represent gaps combinations. Anterior neural ectoderm of an E. coqui embryo was
introduced to optimize alignment. cut into four to six pieces, and each piece was used for making
recombinants or sandwiches.
Responding tissues. Presumptive ectoderm was used as re-
sponding tissue. X. laevis animal caps, including deep and surfacemoved from E. coqui embryos with forceps to achieve good accessi-
layers, were dissected from either UV-irradiated stage 9 embryosbility of probes. Antisense riboprobes were labeled with Digoxi-
or from the ventral side of stage 10/10.5 embryos. Surface ectodermgenin UTP (Boehringer Mannheim). The following DNA fragments
was separated from deep ectoderm using Ca2//Mg2/ free mediumwere used as templates for the synthesis of probes: EcDlx2, the
(Sargent, 1991). Ventral ectoderm of E. coqui was isolated in aentire 313-bp PCR fragment (Fig. 2A); EcDlx4, the entire 397-bp
similar way from embryos at early gastrulation (stage 10). E. coquiPCR fragment (Fig. 2B); X-dll3 and X-dll4 cDNA clones (Papalopulu
ectoderm was cut into four to six pieces with eyebrow scalpels;and Kintner, 1993).
each piece was used in a single recombination.
Embryo Manipulations
Immunocytochemistry and Histology
Transplantation
Transplants were made between blastula (stage 9) and early- Embryos and recombinants were ®xed in Dent's ®xative (1:4 of
DMSO:methanol) and stored at 0207C. In some cases, specimens(stage 10) and mid-(stage 11) gastrula of E. coqui, X. laevis, and R.
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were bleached in a solution of 30% hydrogen peroxide:methanol (RKPRTIY) and the C-terminus of helix 3 (QVKIWFQN) of
(1:2) for 2±10 days. Immunocytochemical staining with an anti- the Dll homeodomain, were used in PCR ampli®cation.
body against distal-less homeodomain was performed according to Four different homeobox sequences were identi®ed and
Panganiban et al. (1995). Hatching gland was detected as in Drys- named EcDlx1 to EcDlx4, corresponding to the numbering
dale and Elinson (1991). used for mouse and zebra®sh. Their predicted amino acid
To verify cement gland formation, embryos and recombinants
sequences showed homology to several known distal-lesswere ®xed in Smith's solution and stored in 4% formalin. They
homeodomains of X. laevis, mouse, zebra®sh, and the sala-were embedded in Paraplast, sectioned at 10 mm, and stained by
mander N. viridescens (Table 1). EcDlx1 is assigned to sub-the periodic acid±Schiff (PAS) method.
family 1 since it shares the characteristic amino acid
changes, such as a glutamine at positions 14 and 22, with
other members of the subfamily. EcDlx3 is assigned to sub-RT±PCR
family 3, since it shares the characteristic amino acid
changes, such as tyrosine at residue 11 and glutamine atRNA was isolated from embryos or recombinants by the method
residue 37, with other members of the subfamily. The nu-of Chomczynski and Sacchi (1987). Reverse transcription and PCR
cleotide sequences of EcDlx2 and EcDlx4 are most similarwere according to Hemmati-Brivanlou and Melton (1994). PCR
to X-dll4 and Xdll-3, respectively, so we assigned EcDlx2 toproducts were analyzed on a 5% acrylamide gel. The oligos used
for PCR ampli®cation were as follows: N-CAM upstream: 5*-CAC- subfamily 2 together with X-dll4, and EcDlx4 to subfamily 4
AGTTCCACCAAATGC-3*, downstream: 5*-GGAATCAAGCGG- together with X-dll-3. Although the characteristic amino
TACAGA-3* ;EF-1aupstream:5* -CAGATTGGTGCTGGA- acid changes of subfamilies 2 and 4 are distinguishable from
TATGC-3*, downstream: 5*-ACTGCCTTGATGACTCCTAG-3* subfamilies 1 and 3, they are ambiguous between subfami-
(Hemmati-Brivanlou and Melton, 1994).
lies 2 and 4. This ambiguity was removed by examination
of more upstream sequences.
PCR fragments 5* upstream of the homeobox region wereRESULTS ampli®ed using the upstream primer 1 and downstream
primer 3 (Fig. 2). These ampli®cations generated a 313-bp
PCR Ampli®cation of Distal-less Gene Family in E. EcDlx2 and a 397-bp EcDlx4 fragment. Two gaps were intro-
coqui duced to the EcDlx sequences to obtain optimal alignment
with the X. laevis genes: a gap of 133 bp for EcDlx2 and a gapIn X. laevis, two distal-less genes, X-dll3 and X-dll4, are
of 89 bp for EcDlx4. Variations in the length of nucleotideexpressed in the presumptive cement gland as early as stage
sequence close to the 5* region were also observed when X-13/14 (Papalopulu and Kintner, 1993 and Fig. 3F). Because
dll3 and X-dll4 were aligned with the mouse Dlx2 sequenceof the expression in cement gland and neural crest in X.
(Papalopulu and Kintner, 1993). When these E. coqui frag-laevis, we investigated distal-less gene expression in the E.
ments are aligned with the corresponding X. laevis cDNAs,coqui embryo. To obtain DNA sequences homologous to
EcDlx2 shows a 78% identity with the X-dll4 sequence (Fig.the Dll homeobox in E. coqui, a pair of fully degenerate
2A) but 63% with the X-dll3 sequence (not shown), andprimers (primers 2 and 3), corresponding to amino acids
from the N-terminus domain outside the helix 1 region EcDlx4 shows a 81% identity with the X-dll3 sequence (Fig.
FIG. 3. Analysis of spatial expression of EcDlx2 (A, B, C, and E) and EcDlx4 (F, G, H, and I) by whole-mount in situ hybridization. In
all panels anterior is to the left. (A) A dorsal view of a stage 15 E. coqui embryo stained with the EcDlx2 probe. Staining is observed in
the mandibular streams (m) of neural crest cells. (A, inset) A homologous gene X-dll4 is expressed in the presumptive cement gland (white
arrow) in a stage 16/17 X. laevis embryo (side view). This expression domain is not found in E. coqui. No expression of X-dll4 is detected
in neural crest cells at stage 16/17. (B, C) Side views of EcDlx2 expression in stage TS4 (B) and TS5 (C) E. coqui embryos. EcDlx2 transcripts
were detected in migrating neural crest cells and otic vesicles (Ot). (B, inset) X-dll4 is also expressed in migrating neural crest cells in a
stage 24 X. laevis embryo beside the continued expression in the cement gland. (D, E) Frontal view of X-dll4 expression in a stage 24 X.
laevis embryo (D) and EcDlx2 expression in a stage TS4 E. coqui embryo (E). Note the difference in the shape of the mandibular neural
crest stream. (F) Dorsal view of EcDlx4 expression in a stage 14 E. coqui embryo. Staining was detected in the rim of anterior neural fold
(black arrow). (F, inset) The neural fold expression domain (black arrow) is conserved in X. laevis, as indicated by the staining with the
homologous gene probe X-dll3 in a stage 13 X. laevis embryo. X-dll3 transcripts were also detected in the presumptive cement gland
(white arrow). However, the homologous gene EcDlx4 is not expressed in the corresponding region in E. coqui embryos. (G) Dorsal view
of a stage 15 E. coqui embryo shows that EcDlx4 expression (black arrow) is restricted to the anterior region of dorsal midline after closure
of the neural tube. No EcDlx4 expression is detected in the region anterior to the closed neural tube. (G, inset) In a stage 16/17 X. laevis
embryo, X-dll3 expression is restricted to the anterior region of the closed neural tube (black arrow) and in the cement gland (white arrow).
(H) Side view of a stage TS5 E. coqui embryo. EcDlx4 transcripts are detected in migrated neural crest cells in the distal tips of branchial
arches. (I) Lateral view of a stage TS6 E. coqui embryo. EcDlx4 is expressed in all branchial arches, in olfactory vesicles (Of), otic vesicles
(Ot), and in the distal ridge of the limb buds (AER). In all pictures, white arrows indicate cement gland, black arrows point to the anterior
neural fold, and black arrowheads point to mandibular neural crest streams (m).
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FIG. 4. Immunocytochemical staining of embryos of X. laevis, R. pipiens, and E. coqui with an antisera against distal-less homeodomains.
(A) Dorsolateral view of a stage 14 X. laevis embryo. (B) Lateral view of a stage 15 R. pipiens embryo. (C) Dorsal view of a stage 14 E.
coqui embryo (yolk has been removed). Anterior is to the right in all panels. White arrowheads indicate cement glands. Black arrows
indicate anterior neural fold.
FIG. 6. (A) E. coqui cells near R. pipiens cement gland. E. coqui cells (Ec) lack pigment granules, which allow them to be distinguished
from pigmented R. pipiens cells. Cement gland cells (CG) are elongated and intensely stained with PAS. All cement gland cells are derived
from R. pipiens, none are from E. coqui. (B) Recombinants made with surface ventral ectoderm of stage 10 X. laevis (pigmented tissue)
and anterior neural plate of stage 13 E. coqui (nonpigmented tissue). Arrows indicate cement glands induced by E. coqui neural tissue.
(C) Section of tissue recombinant between early gastrula ectoderm from E. coqui (Ec, outer nonpigmented cells) and anterior neural plate
from X. laevis (Xl, inner pigmented cells). The section was stained with PAS. No cement gland cells were observed in E. coqui tissue.
(D) Section of E. coqui (Ec) ectoderm explant stained with PAS.
2B) but 59% with the X-dll4 sequence (not shown). These pattern of EcDlx2 and EcDlx4 gene expression. Despite the
high degree of sequence similarity between the EcDlx2 andresults indicate that EcDlx2 is most closely related to X-
dll4, and EcDlx4 is most closely related to X-dll3, con®rm- EcDlx4 probes, cross-hybridization was not observed, as in-
dicated by the unique pattern of each hybridization.ing the subfamily assignment. As shown in the following
section, features of the expression patterns of these genes EcDlx2 transcripts are not observed in embryos at early
in E. coqui and X. laevis further con®rm their homologous neural plate stage (stage 13), but ®rst appear in neural crest
relationships. cells of the mandibular stream at stage 15 (Fig. 3A). By TS4,
EcDlx2 is active in the migrating neural crest cells of all
streams: the mandibular, hyoid, and ®rst and second
Conserved Expression Patterns of EcDlx2 and branchial (Fig. 3B). X-dll4, the homologous X. laevis gene,
EcDlx4 is also expressed in migrating neural crest cells (Fig. 3B,
inset). This expression is conserved in these two species. InWhole mount in situ hybridization with DIG-labeled
probes was utilized to determine the spatial and temporal addition to staining neural crest cells, the EcDlx2 probe also
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TABLE 1
Alignment of Homeodomains of Distal-less Proteins
Note. Dll is the Drosophila sequence. Underlined amino acid residues RKPRTIY and KIWFQN were used for designing degenerate PCR
primers 2 and 3, respectively. Dlx are murine genes. X-dll/Xdll are X. laevis genes. NvHBox are newt genes. dlx are zebra®sh genes, and
EcDlx are E. coqui genes. The sources for the sequences are: 1, Cohen et al., (1989); 2, Price et al., (1991); 3, Simeone et al., (1994); 4,
Asano et al., (1992); 5, Beauchemin and Saward, (1992); 6, Porteus et al., (1991); 7, Robinson et al., (1991); 8, Papalopulu and Kintner
(1993); 9, Dirksen et al., (1993); 10, Akimenko et al., (1994); 11, Weiss et al., (1994).
stained the otic vesicles at TS4 (Fig. 3B). The EcDlx2 gene early as the neural fold stage. At TS5, EcDlx4 transcripts
are detected in all branchial arches. However, EcDlx4 tran-is continuously expressed in the branchial arches through
TS5 (Fig. 3C) and TS6 and begins to be expressed at the scripts are restricted more to the distal part of the branchial
arches (Fig. 3H) compared to transcripts of EcDlx2 (Fig. 3C).edges of the limb buds at TS6. The limb bud expression
may correspond to the development of an apical ectodermal Again, this feature of expression in migrated, instead of
migrating, neural crest cells is conserved for the homolo-ridge (AER) as in other vertebrates, although an AER in E.
coqui has not yet been described. gous gene X-dll3 (Papalopulu and Kintner, 1993). EcDlx4 is
expressed in the putative AER of the limb buds at the stageEcDlx4 shows a very different pattern of expression from
EcDlx2. At stage 14, EcDlx4 transcripts are detected in cells TS6 (Fig. 3I).
Transcripts of both EcDlx2 and EcDlx4 are detected inof the anterior and anterior±lateral rim of the neural plate
(Fig. 3F). A similar anterior neural expression is observed cells of the forebrain at stage TS5. Hybridization signals in
the forebrain are more intense in the stage TS6 and TS7for the homologous gene X-dll3 in X. laevis (Fig. 3F, inset).
After neural tube closure, EcDlx4 staining is detectable ex- embryos. Sections of stained embryos reveal that the expres-
sion patterns of the two genes are similar, with positiveternally in cells in the dorsal-midline of the closed neural
tube with the anterior region stained more intensely (Fig. cells in the ventral telencephalon and diencephalon. These
forebrain expressions of EcDlx2 and EcDlx4 are also similar3G). At TS3, EcDlx4 is expressed in the region correspond-
ing to olfactory placode. It is interesting to note that EcDlx4 to distal-less gene expression in forebrains of mouse (Dlx1
and Dlx2, Robinson et al., 1991; DolleÂ et al., 1992; Bulfoneis not expressed in neural crest cells at TS3, in contrast to
EcDlx2 whose expression in neural crest cells begins as et al., 1993), X. laevis (Xdlll, Dirksen et al., 1993; X-dll3
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and X-dll4, Papalopulu and Kintner, 1993), and zebra®sh width of the mandibular stream of the E. coqui embryos is
greater than the width of three other crest streams (Figs. 3B(dlx2 and dlx4, Akimenko et al., 1994). This similarity
among species suggests that the restricted expression of dis- and 3C), while this difference among the cranial neural crest
streams is much less in the X. laevis embryo (Fig. 3B). Thetal-less genes in the ventral forebrain is an ancient feature
of brain patterning. distal part of the mandibular stream of the E. coqui embryo
is semicircular, while the same region of the X. laevis man-
dibular stream is triangular (Fig. 3B). When viewed from the
Differences of Distal-less Expression between front, the difference in the distal tip of the mandibular
Embryos of E. coqui and X. laevis stream between the two species is obvious (Figs. 3D and
3E). In summary, the overall patterns of distal-less geneExpression in cement gland. X-dll3 and X-dll4 tran-
scripts become detectable in the presumptive cement gland expression in cranial neural crest cells are similar in X.
laevis and E. coqui with detailed differences in terms ofat stage 13/14 in the X. laevis embryo (Fig. 3F, inset; Papalo-
pulu and Kintner, 1993), continue to be expressed in the spatiotemporal patterns of expression.
cement gland throughout embryogenesis (Figs. 3A, 3B, and
3G insets), and disappear after regression of the cement
Cross-species Transplantationgland. However, this most anterior expression domain of
X-dll3 and X-dll4 is not present in E. coqui, since neither The lack of an anterior domain of distal-less expression
in E. coqui correlates with the lack of cement gland. ThisEcDlx2 nor EcDlx4 gene activity was detected in the corre-
sponding area in the E. coqui embryo (Figs. 3A, 3F, and 3G). suggests that inductive interactions at the anterior end of
the neural plate in E. coqui have been modi®ed comparedThis difference of anterior distal-less gene expression may
re¯ect the phylogenetic distance between species X. laevis to X. laevis. Consequently, we wanted to see whether E.
coqui tissues could participate in the inductive interactionsand E. coqui. To determine whether the anterior most ex-
pression is a feature of X. laevis or of the cement gland, we leading to cement gland. In these experiments, we have
relied on the distinctive morphology of cement gland cells.examined distal-less gene expression in a frog, R. pipiens,
which is more closely related to E. coqui (Duellman and Distal-less genes cannot be used as markers because they
are not expressed exclusively in the cement gland, and weTrueb, 1986) but has a cement gland. We used an antibody,
which cross-reacts with distal-less homeodomains from ar- have no knowledge of the status of E. coqui genes homolo-
gous to genes that are only expressed in cement gland of X.thropods, chicken, and mammals (Panganiban et al., 1995).
Immunocytochemical staining showed that distal-less laevis.
In order to see whether X. laevis ectoderm could be in-gene(s) is expressed in the presumptive cement gland of X.
laevis and R. pipiens as well as in the anterior neural fold duced to form cement gland in E. coqui, an animal cap
from a X. laevis blastula (stage 9) was transplanted to the(Fig. 4). The antibody stains the anterior neural fold of an
E. coqui embryo but shows no staining in the area in which presumptive head region of an E. coqui gastrula (stages 10
and 11) (Fig. 5A). The X. laevis tissue was from an embryo,cement gland forms in X. laevis and R. pipiens embryos.
This staining pattern is consistent with the results obtained which had been UV-irradiated after fertilization. Such em-
bryos lack dorsoanterior development and do not form ce-from the whole mount in situ hybridization using EcDlx2
and EcDlx4 probes, and indicates that no distal-less genes, ment glands as a result. The X. laevis animal cap healed
into place, and the E. coqui embryo completed gastrulation,other than EcDlx2 and EcDlx4, are expressed in this region.
Therefore, distal-less gene expression in X. laevis cement closing its blastopore.
Practically all X. laevis transplants, which ended up ingland may re¯ect an association of distal-less gene expres-
sion and cement gland formation, rather than a unique fea- the anterior head region, formed cement glands (34/37). The
glands were recognized by the sticky secretion coming fromture in X. laevis.
Expression in cranial neural crest cells. EcDlx2 and X- an area of concentrated pigment (Fig. 5B) and con®rmed in
four cases by histology. Transplants lateral to the head ordll4 are both expressed in migrating neural crest cells. How-
ever, several aspects of the expression of these two genes elsewhere on the body did not form cement glands (0/34).
Most of the cement gland is normally derived from surfaceare distinguishable in the two species. EcDlx2 is expressed
earlier in E. coqui than X-dll4 in X. laevis, relative to neuru- ectoderm (Drysdale and Elinson, 1992), so in some experi-
ments, just the surface layer of an X. laevis animal cap waslation. Migration of cranial neural crest cells begins before
the closure of neural tube in both X. laevis (Sadaghiani and transplanted. Here the results were the same, with most
transplants in the anterior head region forming cementThiebaud, 1987) and E. coqui embryos (Moury and Hanken,
1995). EcDlx2 transcripts are detectable in neural crest cells glands (9/11), ®ve con®rmed by histology, and those placed
laterally failing to do so (0/6). These results suggest thatof the mandibular stream when the neural tube is still open
(Fig. 3A). In contrast, X-dll4 is not expressed in neural crest inductive signaling to produce cement gland occurs in the
anterior head region of E. coqui embryos.cells until stage 22 when the neural tube has already closed.
Besides this difference in the timing of gene expression, X- In order to see whether E. coqui ectoderm could form
cement gland, a piece of E. coqui blastocoel roof was trans-dll4 and EcDlx2 probes reveal that the shape of the cranial
neural crest streams are different in these two species. The planted to the presumptive head region of a R. pipiens blas-
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FIG. 5. (A) Transplantation of X. laevis animal cap to E. coqui gastrula. The large white E. coqui gastrula has received a transplant of a
dark X. laevis animal cap, dorsal to the dorsal lip (faint groove). Two X. laevis donors with their animal caps removed are shoved against
the E. coqui gastrula to illustrate the difference in size of these embryos. (B) E. coqui embryos with X. laevis cement glands. These anterior
views of TS 3 E. coqui embryos show the developing head. Transplanted X. laevis animal caps have integrated into the embryos and form
distinct cement glands (arrows) anterior to the head. (C) E. coqui transplants in R. pipiens neurulae. These ventral views of R. pipiens
neurulae have E. coqui tissue (white) at their anterior ends, in the region where the cement gland will form. Tissues were transplanted
the previous day, at the gastrula stage. Some pigmented R. pipiens cells have invaded the graft. (D) E. coqui transplant in the R. pipiens
cement gland region. The cement gland (arrows) consists of a ¯at, round anterior portion connected to a posterior groove. Scale bar in A
corresponds to 1 mm (A), 0.67 mm (B, C), and 0.3 mm (D).
tula or gastrula (stages 9 and 10). R. pipiens hosts were used qui ectodermal cells were induced to became cement gland
cells. Cement gland cells are easily recognized by their elon-instead of X. laevis for two reasons. First, the R. pipiens
embryo is very darkly pigmented, so it is easy to detect gated shape and by their intense PAS staining. In no case
was an unpigmented E. coqui cell found with this appear-white E. coqui donor cells against the black R. pipiens donor
cells (Fig. 5C). Second, X. laevis develops very rapidly, while ance. In 19 embryos, E. coqui cells were in contact with R.
pipiens cement gland cells (Fig. 6A), but even this proximitydevelopment through neurulation of R. pipiens and E. coqui
is similar in rate. The rapid development of X. laevis was did not lead to E. coqui cement gland cells. There are many
explanations for the failure to generate E. coqui cementuseful in the previous experiment, when its embryo pro-
vided the donor tissue, since the results could be assessed gland cells, so included in the above total are several vari-
ants of the experiment. The stage of the E. coqui ectodermafter a short culture. In fact, the X. laevis cement gland was
fully differentiated, even though the host E. coqui embryo may matter as competence to form cement gland may
change. Outer ectoderm from neither stage 9 (eight cases)was still at the open neural fold stage.
In many transplants, E. coqui tissue ended up near the nor stages 10±11 (®ve cases) formed cement gland. Perhaps
both outer and inner ectoderm are required but in a ®nalcement gland of the R. pipiens host (Fig. 5D), and the host
cement gland was disrupted in some embryos. Embryos six cases, replacement of R. pipiens inner and outer ecto-
derm with E. coqui inner and outer ectoderm did not yieldwere examined histologically to determine whether E. co-
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TABLE 2
Tissue Recombinations between X. laevis and E. coqui
Note. Ec, E. coqui; Xl, X. laevis.
a In three of eight cases, hatching gland cells were detected in X. laevis responding tissue.
E. coqui cement gland. In three additional embryos, the E. recombinants (Fig. 7, lane Xl ec / Ec np), but were barely
detectable in the RNA sample extracted from X. laevis ven-coqui transplant formed neural tissue as seen by histology,
indicating that E. coqui ectoderm can respond to R. pipiens tral surface ectoderm which was cultured alone (Fig. 7, lane:
Xl ec). These results indicate that neural tissue was alsoinducers. The results suggest that E. coqui ectoderm cannot
respond to inducing signals to form cement gland. induced in X. laevis ectoderm by E. coqui neural tissue. To
test the capacity of E. coqui ectoderm to respond to inducing
signal(s) to form cement gland, blastocoel roof (animal cap)
of E. coqui was combined with anterior neural ectoderm ofCross-species Explant Recombination
a stage 13/14 X. laevis embryo (Table 2). Cement gland
The inducing activity of E. coqui neural ectoderm was formation in E. coqui ectoderm was scored by morphology
also tested by performing cross-species tissue recombina- and by histology with PAS staining. In no case was E. coqui
tion (Table 2). X. laevis anterior neural plate can induce ectoderm found to differentiate into typical cement gland
cement gland (Drysdale and Elinson, 1993), so anterior neu- cells (Table 1, Fig. 6C). This result is consistent with the
ral plates from X. laevis or E. coqui embryos were used as result obtained from tissue transplantation. The E. coqui
inducing tissue. In one series of recombinants, a piece of ectoderm failed to form cement gland in response to induc-
neural ectoderm from a stage 13 E. coqui embryo was sand- ing signal(s) introduced both in vivo and in vitro.
wiched between two surface animal caps dissected from
UV-irradiated X. laevis embryos at stage 9. Cement gland
and hatching gland were both induced in X. laevis ectoderm
DISCUSSION(5/8 and 3/8, respectively). In a second series of recombi-
nants, a piece of anterior neural ectoderm from a stage 13
E. coqui embryo was wrapped with ventral surface ectoderm Although frogs are commonly used for the analysis of
development, we report here the ®rst molecular and embry-of a stage 10/10.5 X. laevis embryo. X. laevis ectoderm was
induced to form cement gland (27/62). X. laevis cement ological experiments on the early embryo of a direct devel-
oping frog. While less familiar than development with agland can be easily recognized morphologically by its dark
pigmentation and secretion of glue (Fig. 6B). These recombi- tadpole, direct development is nonetheless a common mode
of development, found in 9 of 21 anuran families (Duellmannants show that E. coqui neural ectoderm can induce ce-
ment gland and hatching gland in X. laevis ectoderm. and Trueb, 1986). The direct developing frog E. coqui exhib-
its radical changes in its embryogenesis: a frog-like headTo see whether any X. laevis neural tissue was also in-
duced to form by E. coqui neural tissue, we examined the forms directly and limbs appear early in development (Fig.
1). Despite these radical changes, we show that distal-lessexpression of the neural marker N-CAM by performing RT±
PCR. N-CAM transcripts of X. laevis were detected in the gene expression in the head is basically conserved. There
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Although both X-dll4 and EcDlx2 are expressed in migrat-
ing neural crest cells, two differences were observed. First,
the shape of the neural crest streams revealed by the X-dll4
and EcDlx2 probes are different in X. laevis and E. coqui
embryos, especially the mandibular stream which contri-
butes to the ®rst or mandibular arch. This difference had
been noted by Moury and Hanken (1995) in their morpho-
logical studies, but they point out that other species need
to be examined. Second, the time when transcripts are ®rst
detected is different. EcDlx2 transcripts are ®rst seen in
neural crest cells of the mandibular stream, when the form-
ing neural tube is still open, in contrast to X-dll4 whose
FIG. 7. Assay of induced X. laevis N-CAM gene expression in transcripts become detectable only after neural tube clo-
recombinants by RT±PCR. Lane 1 (Xl ec / Ec np): RNA was ex- sure. Interestingly, the homologous mouse Dlx2 and zebra-
tracted from recombinants made of ventral surface ectoderm of ®sh dlx2 are expressed before closure of the neural tube
stage 10 X. laevis embryos and anterior neural plate of stage 13
(Bulfone et al., 1993; Akimenko et al., 1994), which makesE. coqui embryos. N-CAM transcripts were detected in the RNA
their expression more similar to E. coqui.sample, indicating that neural tissue was induced in X. laevis ecto-
In transplants between a toad and salamander embryo,derm. Lane 2 (Xl ec): RNA was extracted from ventral surface ecto-
the formation of the toad tadpole pattern of jaw cartilagesderm of stage 10 X. laevis embryos. Ectodermal explants were cul-
was intrinsic to the toad cranial neural crest and was nottured for the same period of time as the recombinants before RNA
extraction. N-CAM transcripts were barely ampli®ed. Lane 3 (Xl due to the salamander environment of the crest (Wagner,
st.28 emb.): RNA was extracted from stage 28 X. laevis embryos. 1944 as cited in Hanken and Thorogood, 1993). Although
N-CAM transcripts were detected. Lane 4 (Ec np): RNA was ex- the differences in the expression pattern of EcDlx2 that we
tracted from E. coqui anterior neural plate explants which were saw were subtle, the above ®ndings suggest that they could
cultured for the same period of time as the recombinants. No N- be involved in the evolutionary shift from tadpole head to
CAM molecule was ampli®ed, indicating that the N-CAM primers
frog-like head in E. coqui. Analysis of EcDlx2 homologuesspeci®cally amplify X. laevis N-CAM. EF-1a was used to demon-
over a broader phylogenetic range would be useful in explor-strate that roughly comparable amounts of RNA were used in each
ing this idea further.reaction.
Inductive Interactions and Lack of Cement Gland
Formationare however some intriguing spatiotemporal differences and
the loss of a cement-gland-associated distal-less gene ex- The presence of a domain of expression of two distal-less
genes, X-dll4 and X-dll3, in X. laevis is correlated to thepression domain. Our embryological experiments show that
the E. coqui embryo is capable of setting up the inductive presence of a cement gland, anterior to the neural plate.
This association appears to be evolutionarily conserved assignaling, required for cement gland, but its ectoderm does
not seem capable of responding. Changes in the competence it is found in both X. laevis and R. pipiens, which are phylo-
genetically distant among anurans. E. coqui lacks not onlyof the E. coqui ectoderm may be responsible for the loss of
certain tadpole-speci®c structures, such as cement gland this distal-less domain of homologous genes, EcDlx2 and
EcDlx4, but also a cement gland.and hatching gland.
The evolutionarily conserved association of distal-less
gene expression and cement gland formation raises the
Conservation and Modi®cation of Distal-less Gene question of their relationship. Unfortunately, this question
Expression in Cranial Neural Crest has not yet been considered in the Xenopus model system.
Cement gland frequently arises when neural inducers areThe overall spatiotemporal patterns of distal-less gene
expression in cranial neural crest are similar in X. laevis tested (Lamb et al., 1993; Hemmati-Brivanlou et al., 1994),
and although a variety of gene expressions are monitored inand E. coqui. Homologous genes X-dll4 and EcDlx2 are ex-
pressed in migrating neural crest cells, while homologous such experiments, distal-less genes have not been checked.
Similarly, overexpression of certain genes in X. laevis, nota-genes X-dll3 and EcDlx4 are expressed in migrated neural
crest cells. These expression patterns are also conserved in bly Xotx2 (Blitz and Cho, 1995; Pannese et al., 1995) and
several hedgehog genes (Ekker et al., 1995), generates ec-other vertebrate species. Zebra®sh dlx2 and mouse Dlx2,
homologous to EcDlx2, are expressed in migrating neural topic cement glands, but analysis of distal-less genes by
overexpression has not been reported. Distal-less genes maycrest, and zebra®sh dlx4, homologous to EcDlx4, is ex-
pressed at the end of migration. The conserved expression be causally involved in cement gland formation, or they
may mark an anterior border which coincidentally is wherepatterns suggest that proper expression of these genes is
important for patterning and morphogenesis of the cranial the cement gland forms. The evolutionary conservation of
distal-less expression and cement gland formation suggestsneural crest.
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that exploration of the cause of this association in Xenopus evolution appears to involve a posteriorization of the events
at the anterior neural fold/epidermal boundary, thus elimi-would prove interesting.
It may be that the signal that triggers distal-less gene nating tadpole-speci®c anterior structures. If this is so, it
should be possible in the future to detect important differ-activity is the same as that which induces cement gland.
E. coqui ectoderm in front of the neural plate cannot re- ences in the expression patterns of inductive signaling mol-
ecules at the neural/epidermal boundary in E. coqui.spond to the signals, therefore failing to express distal-less
genes and to form cement gland. Change in ectodermal
competence was also suggested as being responsible for the
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